Tungsten is a primary candidate material for plasma facing components in fusion reactors.
Introduction
Tungsten (W) is chosen as a divertor armor material for the International Thermonuclear Experimental Reactor (ITER) and is a candidate for the first wall material for DEMO reactor [1] .
During the operation of a fusion reactor, the plasma facing material will be exposed to hydrogen (H) isotopes (deuterium and tritium) and helium (He) particle fluxes as well as high energy neutron irradiation. Thus, both H and He will be present in the material either coming directly from plasma or from the transmutation reactions induced by the neutrons. Understanding the effect of the presence of these elements on the modification of the material's properties and the physical mechanisms guiding the undergoing processes is of great practical and theoretical interest.
Both experimental and modelling efforts were done to understand the interaction of H with W under ITER relevant exposure conditions [2] [3] [4] [5] [6] [7] . It was demonstrated that exposure to H (deuterium) plasma in doses up to ~10 26 He implantation demonstrate the presence of He bubbles and 'fuzz' formation in a subsurface region at a length scale comparable to the implantation depth [8, 9] . Atomistic modelling [10] [11] [12] [13] revealed a significant difference in the behaviour of H and He atoms in tungsten. The binding energy of two H atoms in tungsten is negative (~ -0.06 eV), meaning that H atoms do not cluster together in a W lattice unlike He atoms. This also means that accumulation of H in W will be governed by diffusion and trapping on lattice defects such as vacancies, dislocations and grain boundaries [14, 15] . In contrast, He atoms exhibit strong attraction (~1.0 eV) and do cluster together and can even push out a W atom from its equilibrium lattice site (to form self-interstitial) once the He cluster reaches a certain critical size. This mechanism is called self-trapping and it is believed to be responsible for the bubble and 'fuzz' formation under He implantation.
Ab initio studies of He-H interaction [16] [17] [18] showed that there is an attractive interaction between He clusters and H atoms suggesting synergetic effects under mixed He-H plasma implantation. Suppressing of blistering, confirmed by experimental studies [19, 20] , is one of the effects seen under simultaneous H and He exposures. The suppression of blistering was attributed to a decrease of H permeability through the subsurface region due to He bubble formation.
Another remarkable effect was a detection of nanometric He bubbles at a depth significantly larger than the He implantation range [20] , not seen in pure He exposures. However, comprehensive physical mechanisms leading to these synergetic effects are so far not clear. 
Computational details.
In this work, we used the interatomic potential for the W-H-He system created in the framework of the Embedded Atom Model (EAM) and published in [21] . There are two versions referred to as "EAM1" and "EAM2" in [21] . Both potentials are based on the interatomic potential for bcc W named "EAM2" from work [22] . The choice of the base W potential was made on the basis of benchmark calculations involving 19 up to date available EAM potentials for W [23] . In the derivation of the EAM1 version, an emphasis was put on a quantitative reproduction of ab initio data for the binding between H-H, He-He and H-He pairs [21] . The offcenter position of a H atom in a vacancy as predicted by DFT [24] was not considered, and therefore both H and He are described by pair potentials only. For the EAM2 potential, the focus was made on the stabilizing H in an off-center position in the vacancy and therefore an embedding function was added for the H-H and H-W interaction terms. Both types of the potentials predict the tetrahedral position for H and He atoms as the most favorable in bulk W.
MS and MD calculations were performed using the LAMMPS simulation package [25] , where the above-mentioned interatomic potentials were implemented. Simulations were performed in bcc W. All MD simulations were performed using a classical MD algorithm in the NVE ensemble, where the number of particles N, volume V and total energy E in the system are kept constant. Prior to the NVE run, each sample was thermalized and set to zero pressure using the Berendsen algorithm [26] . A simulation timestep of 0.1-1 fs was taken depending on the simulation temperature and the total simulation time varied from 5 ns for high temperature simulations up to 25 ns for low temperature simulations. MS calculations were performed using a conjugate gradient algorithm embedded in the LAMMPS package with a relative energy change tolerance between iterations of 10 -10 .
The size of the crystallite used in simulations was 10x10x10 a 0 3 (a 0 is the lattice constant predicted by the potential: 3.14 Å) and it contained 2000 atoms before any point defect or cluster was introduced. Periodic boundary conditions were applied in all three directions.
The incremental binding energy of a H or He atom to a cluster is defined as the energy difference between the state where the H or He atom is far away from the cluster and the state where it is part of the cluster. As such, the binding energy between an atom A and a cluster B in W is calculated as,
Here E(X) is the total energy of the box containing the defect X and E ref is the total energy of the box containing no defects (bcc W in our case). In this notation, a positive value of the binding energy corresponds to attraction between the defects. Prior to the static relaxation of the considered atomic configuration a short MD run at 300 K for 1 ps was performed after which the system was quenched to 0 K. This procedure allows the possibility for the system to evolve out of local minima and arrange itself into most stable configuration.
In order to obtain the diffusion parameters of H and He clusters a number of MD simulations were performed at finite temperature, T, varied in the range of 200 -1700 K. The main goal was to obtain the diffusion coefficient as a function of temperature, which allows one to extract the pre-exponential factor D 0 and activation energy E m using the Arrhenius type equation:
In each MD run that lasted over a timespan of τ (5 -25 ns), the trajectory of the H atom was followed and visualized. Then, the mean square displacement 2 R of the position of the H atom was calculated to obtain the diffusion coefficient using the well-known Einstein equation:
where n is dimensionality of the motion (i.e., n=3 for three dimensional bulk diffusion) and τ is the simulation time.
To improve the accuracy of the diffusion coefficient estimation, we employed the socalled independent interval method (IIM) [27] . The idea of the method is to decompose the full time of the simulation (τ) into a number of independent segments (k) with time length of τ/k and calculate the diffusion coefficient using equation (3) on each segment. After that, the mean value of the diffusion coefficient is taken. This method also allows one to estimate the uncertainty of the calculation by calculating the standard deviation of the mean (σ) since the trajectory is divided into statistically independent intervals. Once the diffusion coefficient as a function of temperature is obtained, the Arrhenius equation (equation 2) is fitted to extract the activation energy and prefactor. Employing a weighted least squares method [28] for fitting and using 1/σ 2 as the weights, the diffusion parameters together with corresponding errors were obtained.
In case of simulations with mixed H-He clusters, only the time and trajectories where the atoms were clustered together was taken into account. Some weakly bound clusters have limited stability at finite temperature and therefore they decay quickly and bind back. By applying a postprocessing algorithm, we only consider a set of separate segments where the cluster was stable and moved as a whole object. If the number of such independent segments was higher than 10,
we used an average value of the diffusion coefficient calculated over these segments. If the number of these segments was lower than 10, the IIM method was applied to the longest time segment. The average time length of the segments when the cluster remains stable, t , allows one to calculate a decay frequency t
. Having a set of data for decay frequency as a function of temperature, an Arrhenius expression
was fitted to this dataset to deduce the dissociation energy, E d and pre-exponential factor ν 0 . These values were compared with the predictions from static calculations as well as ab initio data.
Results and discussion

Molecular static calculations
As was said before, for our calculations we used both EAM1 and EAM2 potentials from [21] . In this work both versions of the potentials were tested to reproduce ab initio values of the interaction energy of H-He, He-He and H-H pairs, reported in [18] . It was demonstrated that both potentials give qualitative agreement with ab initio data and quantitative agreement is achieved by the EAM1 potential. In Fig. 1 we compare the results for incremental binding energy of a He atom to a cluster of He atoms in bulk tungsten, predicted by both versions of the potential and ab initio values from [11] . As was shown in [21] , EAM1 gives better agreement for the He-He pair interaction and EAM2 underestimates the corresponding binding energy. However, as can be obtained by EAM1 and EAM2 and ab initio method in [12] As we study the mobility of He-H clusters, it is important to first assess the binding energy of He and H atoms in these clusters by MS calculations. In Fig. 3 , the results for the incremental binding energy of a H atom to He-H clusters are presented. It is important to note that the He binding energy is higher than that for a H atom because of the strong He-He bonding (1.03 eV), while the He-H bond strength is only 0.2 eV. Thus, the stability of the mixed He-H clusters will be determined by the binding energy of a H atom as it has the lowest binding energy.
It can be seen from Fig. 3 that there is a rapid decrease of the binding energy as the number of H atoms in the cluster increases. Starting from three H atoms in the cluster, the binding energy becomes negligible, indicating that the cluster becomes unstable. This result is in agreement with ab initio data from [17] where low stability of clusters containing more than three H atoms was demonstrated. The most stable atomic configurations for the considered clusters are shown in Fig.   4 . [12] . Thus, we decided to study only clusters containing at most four He atoms to avoid the transformation caused by self-interstitial punching. Fig. 3 shows that starting from three H atoms in the cluster, the latter becomes unstable, meaning it will decay during MD runs at finite temperatures. Thus for further MD studies, the pure and mixed clusters containing from one to four He atoms and up to two H atoms were considered. The visualization is done using OVITO tool [29] .
In this work we did not directly test other types of the available interatomic potentials for 
Molecular dynamic simulations
A set of MD simulations was performed to obtain information on the diffusivity and thermal stability (i.e. lifetime) of the He-H clusters. As was described in Section 2, the Arrhenius expression was used to fit the set of diffusion coefficients and decay frequencies obtained at different temperatures from the MD simulations. In In Fig.7 , the diffusion parameters for He-H clusters (a) and He clusters (b) are shown.
From Fig. 7(a) it follows that the slope of the fits for the clusters with 1 and 2 H atoms is almost the same, while the prefactor, D 0 , decreases for the larger cluster. This means that the migration energy is the same for these clusters, but the effective attempt frequency is different. The latter indicates a difference in vibrational entropy between the two clusters. Fig 7(b) demonstrates that the migration energy of a He cluster increases with its size.
It is important to note that for the He 4 cluster an event of self-trapping was detected during the MD run at 1700 K, which is in agreement with the MS predictions as well as with the MD results from [12] .
(b) (a) 
Conclusive remarks
A set of molecular dynamics calculations at finite temperature was performed and diffusion parameters for He-H clusters were obtained. Prior to performing the MD calculations, two versions of EAM potential from [21] were validated by comparison of the results of static calculations on He-He, He-H and H-H interaction with ab initio data from [11, 12] . The most adequate potential was selected and applied in MD simulations. On the basis of the benchmark MS calculations and results of finite temperature MD simulations, the following conclusions can be drawn: • On the basis of the diffusion coefficients of pure He and mixed He-H clusters deduced from the MD simulations, we conclude that the migration energy of pure He clusters increases with increasing cluster size; and for the He 3 cluster it is two times higher than the migration energy of a He interstitial (0.07 eV).
• Mixing of H atom(s) with a He cluster leads to the increase of the migration barrier, so that the migration energy of the mixed clusters are comparable to the migration energy of an interstitial H atom (0.2 eV). This implies that the formation of mixed clusters primary leads to the suppression of the He diffusivity.
The conclusions listed above were made based on the analysis of the results of MD simulations using 3D periodic conditions relevant from the bulk material. In order to properly study synergetic effects during mixed He-H implantation one has to perform a full scale simulation of mixed beam exposure conditions taking account surface effects. Unfortunately, experimentally-relevant timescales are not reachable by MD techniques and an upper scale model such as rate theory is needed. Our work provides diffusion and lifetime parameters together with self-trapping energetics for He-H clusters being the necessary input for such simulations.
